JSTOR is a not-for-profit service that helps scholars, researchers, and students discover, use, and build upon a wide range of content in a trusted digital archive. We use information technology and tools to increase productivity and facilitate new forms of scholarship. For more information about JSTOR, please contact support@jstor.org. The evolutionary history of Ginkgo is poorly understood for the Cenozoic Era because of the rarity of fossil reproductive organs. We here describe a new species, Ginkgo cranei sp. nov., on the basis of well-preserved ovulate organs and associated leaves from the Upper Paleocene Sentinel Butte Formation of North Dakota, USA. The ovulate organ is of the modern type, which lacks a pedicel supporting each of the two ovules. The ovules are seated in separate collars directly attached to the peduncle, but only one of them is mature. Stomatal complexes are mostly amphicyclic, with deeply sunken guard cells and slightly raised subsidiary cells. They are sparsely distributed among epidermal cells characterized by domelike, strongly bulging periclinal walls and developed anticlinal wall flanges in integument and collar cuticles. The associated leaves are generally similar to the ovulate organ in cuticular structure. Ginkgo cranei is the only Tertiary species of the genus described in which the ovulate organs are studied in some detail. The study further corroborates the hypothesis that modern Ginkgo evolved from its ancestors by reduction and is helpful to classify Cenozoic ginkgos in a natural system.
Introduction
The living fossil Ginkgo (Ginkgoaceae) is a distinct major group of gymnosperms with an extraordinarily long history, as demonstrated by extensive fossil leaf remains from the Jurassic to Tertiary in both the Northern and the Southern Hemispheres (Harris 1935; Samylina 1967; Tralau 1968; Douglas 1969; Harris et al. 1974; Hill and Carpenter 1999; Zhou 2009 ). However, our knowledge of the evolutionary history of Ginkgo is still rudimentary for several geological stages because of the absence of well-preserved reproductive organs, from which the most evolutionarily informative characters of the ginkgoalean plants are generally obtained (Archangelsky 1965; Krassilov 1972; Stanislavsky 1973; Zhou and Zhang 1989, 1992; Zhou 1991 Zhou , 1997 Kva cek et al. 2005) . Reproductive organs recorded from the Jurassic and Cretaceous of Eurasia have revealed the early evolutionary history of the genus (Harris et al. 1974; Zhou and Zhang 1989; Zhou and Zheng 2003; Deng et al. 2004; Zheng and Zhou 2004; Liu et al. 2006; Yang et al. 2008 ), but information from the Cenozoic is rather poor. Given that more than a dozen foliar morphospecies of Tertiary ginkgos have been reported worldwide (Samylina 1967; Tralau 1968; Hill and Carpenter 1999; Quan et al. 2010) , it is perhaps surprising that the associated reproductive organs have been documented only rarely (Crane et al. 1990 ) and have not yet been studied in detail. Although both Ginkgo leaves and isolated seeds have been reported from some Tertiary localities (e.g., Akhmetiev et al. 2002; Royer et al. 2003; Aulenback 2009 ), such fragmentary information is not sufficient to provide evidence of the evolutionary state of the genus during this time interval.
We here describe Ginkgo cranei sp. nov. on the basis of well-preserved ovulate organs ( fig. 1A-1J ) and associated leaves ( fig. 1K-1P ) from the Upper Paleocene of North Dakota, USA. This is the first Tertiary Ginkgo for which the ovulate organ has been studied in detail, providing important evidence to document the evolutionary history of the genus. In this article, the long-standing taxonomic and nomenclatural problems of Tertiary ginkgos are also briefly reviewed.
Material and Methods

Geological Setting
The Ginkgo fossils were collected from the Paleocene Sentinel Butte Formation of the Fort Union Group, near Almont, North Dakota, USA. The deposits of this formation are silica rich, and the fossils are preserved in hard, iron-stained, yellow-brown, fine-grained shale (Crane et al. 1990 ). Many of the fossil plants of the Almont Flora are three-dimensionally preserved, including both fruits and stems. More than 37 genera of gymnosperms and angiosperms have been identified from the shale of this locality (Manchester and Dilcher 1982; Crane et al. 1990; Manchester et al. 2004; Pigg et al. 2008; Pigg and DeVore 2010; literature therein) . Ginkgo ovulate organs are well preserved, and leaves are very common in certain horizons. The associated leaves were previously described as Ginkgo adiantoides (Ung.) Heer, on the basis of the general gross morphology (Crane et al. 1990 ).
The geological age of the formation is regarded as late Paleocene, on the basis of the plant assemblage and palynological data (e.g., Manchester and Dilcher 1982; Crane et al. 1990; Pigg et al. 2008 ). This conclusion is also supported by the discovery of late Tiffanian mammals from the upper part of the formation (Kihm and Hartman 1991) . Recently, Clechenko et al. (2007) , on the basis of the bulk organic carbon isotope (d 13 C org ) data, defined the Paleocene-Eocene boundary in the lowest part the Bear Den Member of the Golden Valley Formation, which rests conformably on the Sentinel Butte Formation, unequivocally indicating a late Paleocene age of the flora.
Material Preparation
Although some seeds in the collection are three-dimensionally preserved, they are stone casts and yield no anatomical structure due to crystallization ( fig. 1A, 1C, 1D, 1J ). Occasionally, however, the outer seed cuticle is preserved. Cuticles of leaves, seed coats (integuments), and occasional woody tissues are also available for study from the compressed specimens. Pieces of cuticles were removed from the ovulate organs and leaves and macerated, using conventional methods LM and SEM. Specimens were treated with HF for ;12 h followed by HNO 3 . After becoming translucent and yellow in color, the fossils were rinsed with water and treated with dilute 5% KOH for a few seconds before a thorough rinsing with water. Cuticle preparations were mounted on the stub with tape and coated with gold for SEM observation. For comparison, ovulate organs of Gingko biloba L. were collected from the campus of East Tennessee State University (ETSU) and the Nanjing Institute of Geology and Palaeontology (NIGP), respectively, in September and December 2010. They were treated with the same methods as the fossils.
The SEM observations on the ovulate organs were made at the State Key Laboratory of Palaeontology and Stratigraphy, NIGP (Leo 1530 VP and JSM-6300), while those on fossil leaves and some modern samples were made at the College of Medicine of ETSU (Zeiss DSM940). The cuticle terminology mainly follows Zhou and Zhang (1989) . The fossil specimens labeled with a PP prefix are in the Geology Department at the Field Museum, Chicago, while specimens prefixed with UWSP are housed in the Biological Department of the University of Wisconsin, Stevens Point.
Systematics and Descriptions
Family-Ginkgoaceae Engler, 1897
Genus-Ginkgo Linnaeus, 1771
Species-Ginkgo cranei Zhou, Quan et Liu, 2, 3) Previous names. Ginkgo adiantoides (Unger) Heer, Crane et al. 1990 (p. 6, fig. 2B , 2D-2G); Ginkgo sp., Royer et al. 2003 (p. 85, fig. 1B ).
Diagnosis. Ginkgo cranei is distinguished from Ginkgo biloba in its smaller seeds (seed 10-19 mm 3 12-17 mm vs. 30 mm 3 20 mm; stone 8-15 mm 3 7-12 mm vs. 21 mm 3 15 mm) and in having a characteristic seed integument cuticle consisting of epidermal cells with domelike, thickened periclinal walls and flange-developed anticlinal walls (instead of less bulging periclinal walls and less developed anticlinal wall flanges, as in the extant species). Stomata complexes are fewer and sparser than in G. biloba, mostly amphicyclic and with nonpapillate subsidiary cells, differing from those usually monocyclic and sometime with papillate subsidiary cells in the extant species. The leaves associated with G. cranei ovules can also be distinguished from G. biloba by having fewer stomata and less papillate epidermal and subsidiary cells.
Types. Holotype, UWSP42706 ( fig. 1A ). Paratype, PP34187 ( fig. 1B) .
Number of specimens examined. Seven. In addition to the holotype and paratype, five other specimens were examined: PP34195, UWSP2493, UWSP14906, UWSP2241, and UWSP3363.
Etymology. The specific epithet cranei is given in honor of Peter Crane, who with S. R. Manchester 1A-1J ). Two ovules were directly attached to the peduncle without a pedicel, one being larger and believed to be mature, the other smaller and aborted ( fig. 1A, 1B) . Ovules are each borne in a cup-shaped collar. Both collars are situated at the apex of the peduncle; the larger one is 7-9 mm wide and 3-4 mm high, while the smaller one is 2 mm wide and Crane et al. 1990; rephotographed) . Paratype; PP34187. C, Platyspermic ovule with three-dimensional sclerotesta (stone) and impression of surrounding sarcotesta (¼fig. 2D of Crane et al. 1990; rephotographed fig. 1A, 1B ; ¼fig. 2B of Crane et al. 1990 from the same locality). The peduncle is more than 33 mm long and ;4.5-5 mm wide in the upper part, narrowing downward to a width of 2.5 mm at the broken end ( fig. 1A, 1B) . The ovules are platyspermic, ovate in outline, with an obtuse distal end and a mucronate apex, 10-19 mm long and 12-17 mm wide in the widest middle part and estimated at ;10-12 mm thick ( fig. 1A, 1E-1J ). The sarcotesta is wrinkled in compressions, up to ;5 mm thick ( fig. 1A, 1C, 1D) , and on the surface is irregularly folded ( fig. 1C, 1D ). The stone (sclerotesta) is sometimes well preserved in three dimensions with a lateral longitudinal ridge, 11-13 mm high and 9-11 mm wide, and estimated at ;8 mm thick ( fig. 1A , 1C, 1D, 1G-1J).
Integument cuticle ( fig 3D-3F ). Only very occasionally, two or three stomata form a short file ( fig. 3F, 3H ). Ordinary cells are mostly rectangular, with some of polygonal or isodiametric shape, 25-50 mm long and 13-35 mm wide ( fig. 3I ). The periclinal wall slightly bulges on the outer surface ( fig. 3D-3F ). Anticlinal walls are straight, thick, and well cutinized and form developed flanges; longitudinal walls are more or less parallel to one another; transverse walls are mostly horizontal and some oblique ( fig. 3E-3G ).
Stomatal complexes are irregular in orientation, mostly longitudinal or slightly oblique ( fig. 3D-3M ). They are oblong or polygonal, 80-111 mm long and 60-65 mm wide. The stomatal pit mouth is small, 10-35 mm in diameter, rounded or elongate, sometimes surrounded by an indistinct Florin ring ( fig. 3J, 3K ). Guard cells are deeply sunken, partly cutinized ( fig. 3G-3I, 3L, 3M ). Subsidiary cells are 6, occasionally 7 in number, generally 1(-2) of them being polar, without papillae and similar to the ordinary cell in shape (fig. 3G-3I) but usually smaller, with less projected periclinal walls on the upper surface ( fig. 3D-3F , 3J, 3K). Cuticular flanges between guard and subsidiary cells are usually well developed ( fig. 3L, 3M ). Polar encircling cells are common, but lateral ones are also present ( fig. 3M ).
Associated leaves (figs. 1K-1P, 4): The leaf lamina is largely fan shaped to semicircular, 28-83 mm long and 32-113 mm wide. The leaf margin is entire, irregularly erose or shallowly notched ( fig. 1K-1O ). The basal angle ranges from 60°to 190°( fig. 1K-1P ). The veins arise from the basal part of the leaf lamina, dichotomously branched and mainly subparallel to one another toward the distal margin. There are 11-14 veins per 10 mm in the widest part of the leaf.
The leaf is hypostomatic ( fig. 4) . In both cuticles, the costal zone is well defined by elongate epidermal cells ( fig. 4A-4C ). In the upper cuticle (78-135 mm wide, containing 5-11 files of cells), it is slightly narrower than in the lower cuticle (83-225 mm wide, containing 9-17 files of cells; fig. 4A, 4B ). The cells in costal zones of both cuticles are similar in size, ;28-54 mm long and 14-29 mm wide; the anticlinal walls are well cutinized and pitted, forming pronounced flanges inside; the periclinal walls are without or with indistinct papillae ( fig. 4A-4C In the lower cuticle, stomata are irregularly distributed in the intercostal stomatal zone and are randomly oriented ( fig.  4B, 4E-4G ). The stomatal complexes are incompletely bicyclic, ;78-109 mm long and 81-105 mm wide ( fig. 4E-4G) . The guard cells are deeply sunken below the surface of the subsidiary cells ( fig. 4F, 4G) . The subsidiary cells are 4-7 in number, with usually 1(-2) polar and the rest lateral, quadrangular to pentagonal in shape, ;36-62 mm long and 18-27 mm wide, sometimes thickened or papillate, surrounding the deep, elliptic or rounded stomatal pit ( fig. 4E-4G) . The epidermal cells in the stomatal zone are nearly isodiametric, ;18-36 mm long and 13-29 mm wide, polygonal in shape and irregular in arrangement ( fig. 4B, 4D ). Anticlinal wall flanges of epidermal cells and those between guard and subsidiary cells are usually developed, irregularly thickened, and pitted ( fig. 4C, 4F ).
In the petiole ( fig. 4H-4L ), the stomatal zone comprising 1 or 2 files of stomata alternates with the nonstomatal zone composed of 6-11 regular longitudinal files of elongated ordinary cells. The epidermal cells, ;44-96 mm long and 11-16 mm wide, are mostly rectangular, with parallel lateral walls and horizontal or oblique end walls ( fig. 4H, 4J ). Periclinal walls of the ordinary cells are smooth but thickened and bulged or occasionally papillate ( fig. 4H-4K ), while the anticlinal walls are straight, pitted, and well cutinized, forming distinct flanges inside ( fig. 4J, 4K ). Stomata are usually longitudinally distributed and oriented. Stomatal complexes are incompletely amphicyclic, similar in size and shape to those of the leaf lower surface ( fig. 4B , 4F-4H, 4K, 4L), 71-104 mm wide and 80-110 mm long, with 2 sunken guard cells and 5-7 thickened subsidiary cells ( fig. 4K, 4L) , forming an indistinct Florin ring and with occasional proximal papillae ( fig. 4K ).
Discussion
Attribution of Ovulate Organs and Leaves to the Same Plant
Although these two organs are not organically connected with each other, they are found in close association exclusive of any other ginkgoalean plants in the same formation. This condition differs from that in the Mesozoic, where Ginkgoites-type leaves sometimes coexist with different reproductive organs, such as Karkenia or Yimaia (Archangelsky 1965; Zhou and Zhang 1989, 1992; Rothwell and Holt 1997; Zhou 1997; Zheng and Zhou 2004; Zhou et al. 2007; Yang et al. 2008) .
Of most importance in attributing both organs to the same plant species is their close similarity in cuticular structures. Both ovulate organs and leaves are free of trichomes, and the epidermal cells lack or bear only indistinct papillae (figs. 2A, 3D, 4A, 4D, 4H). Their epidermal cells are usually strongly cutinized and characterized by more or less outward-bulging, domelike periclinal walls and well-developed anticlinal wall flanges. These features are less pronounced in leaf cuticle, which is much thinner than the outer cuticle of the ovule integument ( figs. 2A, 4A, 4B) . However, the cuticle flanges between the guard and subsidiary cells are similarly developed (figs. 3G, 3H, 3L, 3M, 4F, 4G, 4K) in leaves and the integument. The leaf petiole and peduncle of ovulate organs are more closely comparable in all these respects (figs. 3D-3M, 4I-4L). The other important feature that links the separated leafy and ovulate organs is the similarities in stomatal structure. Stomatal complexes of both organs are characterized by deeply sunken guard cells in a stomatal pit with an open, usually rounded mouth (figs. 2F, 2G, 3D-3F, 3J, 3K, 4B, 4E, 4H, 4K), typically with 5-7 subsidiary cells, and encircling cells usually present (figs. 2H, 2I, 3G, 3H, 3L, 3M, 4F, 4G, 4L). All these strongly suggest that the two organs belong to the same species.
Comparison between Ginkgo cranei sp. nov. and Other Ginkgo Species with Known Ovulate Organs
Unequivocal and complete ovulate organs of Ginkgo are very rare in the fossil record. To date, only six species have been reported from the Mesozoic of the Northern Hemisphere, in which the ovulate organs are more or less well preserved (table 1) .
Morphologically, ovulate organs of the present species obviously differ from those of the Jurassic taxa referred to as the ancestral type (yimaensis type; Zhou 1994; Zhou and Zheng 2003; Zheng and Zhou 2004) . The ovules of Ginkgo yimaensis Zhou et Zhang from the Middle Jurassic Yima Formation of Henan, China, are each borne on a long pedicel (Zhou and Zhang 1989) . The case is similar for Ginkgo ginkgoidea (Tralau) Yang, Friis et Zhou, another well-documented species from the Middle Jurassic of Scania, Sweden (Yang et al. 2008 ). Both Jurassic Ginkgo ovulate organs are found in association with deeply divided leaves and can be readily distinguished from those associated with Ginkgo cranei sp. nov. by cuticular details (table 1).
In the Early Cretaceous, species with ovulate organs of both G. yimaensis (ancestral) and Ginkgo biloba (modern) types coexisted (table 1). The oldest modern-type ovulate organs without pedicels when mature are described as Ginkgo apodes Zheng et Zhou from the Early Cretaceous Jehol Biota of western Liaoning, China. In the fossils, the pedicels are present only in the juvenile stage (Zhou and Zheng 2003; Zheng and Zhou 2004) . Leaves ascribed to G. apodes are more or less deeply lobed (table 1) . Another early Cretaceous species-Ginkgo manchurica (Yabe et Oishi) Meng et Chen from the Xiaoming'anbei Formation, northern Liaoning, China, erected for abundant deeply divided leaves-has been found to be associated with an ovulate organ bearing pedicellate ovules (Ginkgo sp. 1 in table 1; Deng et al. 2004 ). The cuticular structure of both Early Cretaceous ovulate organs mentioned above remains unknown.
In addition to the well-preserved ovulate organs, there are also several isolated seeds and imperfectly preserved ovulate organs that are believed to belong to the genus Ginkgo, including Ginkgo huttonii (Sternberg) Heer (characterized by deeply divided leaves with very different cuticles from the Middle Jurassic of Yorkshire, England; Harris et al. 1974) , Ginkgo seeds from the Upper Cretaceous of Alberta, Canada (Ginkgo sp. 2 in table 1; Rothwell and Holt 1997) , and Ginkgo seeds from the Paleocene of Amur Region, Far East Asia of Russia (Akhmetiev et al. 2002) . No cuticular structures of the Late Cretaceous and Paleocene seeds have been described (table  1) , and we have no knowledge of their ovulate organs. There is no doubt that ovulate organs of G. cranei closely resemble those of G. biloba, and therefore it is of the modern type ( fig. 1A, 1B; fig. 2B of Crane et al. 1990) . By having smaller seeds, G. cranei can be distinguished from G. biloba (table 1) . Furthermore, the characteristic cuticular structures of the fossil preclude them from being included in the modern species. As shown in figure 5A -5C, the seed integument of G. biloba bears numerous stomatal complexes, which are mostly monocyclic and sometimes with papillate subsidiary cells. The epidermal cells are also different in having less bulging periclinal walls ( fig. 5A ) and less thickened anticlinal wall flanges ( fig. 5B, 5C ), as compared with those of the fossil species. The leaves of G. biloba are also readily distinguished from the associated fossil leaves by having a higher density of stomata and more strongly papillate epidermal and subsidiary cells (figs. 4B, 4E-4G, 5D-5G). Moreover, the subsidiary cell papillae of G. biloba are sometimes fingerlike and overhanging the stomatal pit ( fig. 5D, 5F ), and its epidermal cell anticlinal walls are not pitted and form less developed or indistinct flanges ( fig. 5E, 5G ).
Comparison between the Associated Leaves and Other Ginkgo Leaf Species
Only entire and notched leaves associated with G. cranei sp. nov. have so far been found. It is easy to separate them from many Jurassic and Early Cretaceous species characterized by deep-divided leaves (table 1) .
In the Tertiary, more than 19 species of Ginkgo leaves have been reported, on the basis of leaf gross morphology and/or epidermal features (e.g., Florin 1936; Manum 1966; Samylina 1967; Uemura 1997; Hill and Carpenter 1999; Mustoe 2002; Golovneva 2010 ; for a brief summary, see table 1 of Quan et al. 2010) . Recent studies reveal that most Tertiary ginkgo leaves with entire or notched margins should be ascribed to Ginkgo adiantoides (Ung.) Heer (e.g., Tralau 1968; Denk and Velitzelos 2002) , because the subtle distinctions in leaf cuticle structure might be caused by ecological and intraspecific variation. According to such a concept, there were only three species of Ginkgo in the Northern Hemisphere during the Tertiary, that is, G. adiantoides (Ung.) Heer, Ginkgo gardneri Florin, and Ginkgo jiayinensis Quan, Sun et Zhou (Florin 1936; Tralau 1968; Quan et al. 2010) . Ginkgo jiayinensis from the Paleocene of Heilongjiang Province, China, is clearly different from the present leaves in having amphistomatic leaves (Quan et al. 2010) . Ginkgo gardneri from the Paleocene of Mull, United Kingdom, differs from the present leaves in having prominent papillae on periclinal walls of the upper cuticle (Florin 1936; Boulter and Kva cek 1989) . The leaves from Almont are generally similar in gross morphology and cuticular structure to the widely reported species G. adiantoides, as defined by Tralau (1968) and Denk and Velitzelos (2002;  see table 1 of Quan et al. 2010) .
Given the consistency in occurrence and cuticular structure between the ovulate organs and associated leaves of the North Dakota specimens, it might be argued that both organs should be referred to Ginkgo adiantoides (Ung.) Heer, as originally treated by Crane et al. (1990) . Here we briefly review the long-standing taxonomic problem of Tertiary ginkgos to explain the reason why the North Dakota Paleocene ginkgo ovulate organs deserve a new name.
The leaf polymorphism (heterophylly) in ginkgoalean plants of both living and fossil species is a commonly encountered phenomenon (Seward 1919; Zhou 1997 Zhou , 2003 Czier 1998) , and therefore cuticular features are important in the classification of ginkgo leaf fossils (e.g., Krassilov 1970; Watson et al. 1999) . Unfortunately, the first described Tertiary Ginkgo species, G. adiantoides (Ung.) Heer (¼Salisburia adiantoides Unger 1850), was established on the basis of some poorly preserved leaf imprints without preservation of any cuticle from the upper Miocene of Senigallia, northeastern Italy (Unger 1850; Heer 1878). This has led to taxonomic confusion of Tertiary ginkgo leaf fossils ever since. Florin (1936) reported the cuticular features of fossil leaves assigned to G. adiantoides for the first time, but his specimens were collected from the Pliocene of Frankfurt, Germany. Because the type specimens of G. adiantoides from Italy lack any cuticular features, Samylina (1967) therefore suggested establishing a new species for the German specimens with known cuticular features, Ginkgo florinii Samylina. In the following decades, more than a dozen Tertiary ginkgo leaf species have been erected chiefly on the basis of the cuticular characters (see above and table 1 of Quan et al. 2010 ). As mentioned above, some authors (e.g., Tralau 1968; Denk and Velitzelos 2002) insist that most Tertiary ginkgo morphotypes are conspecific and belong to G. adiantoides (Ung.) Heer, including the Pliocene leaves from Germany, despite the poor preservation and absence of cuticular details in the type. The name has been used in an even broader sense to include not only Neogene and Paleogene but also Cretaceous ginkgo leaves with entire margins (Baikovskaya 1956; Samylina 1963 ). Whether these leaves from different areas of the world and from strata ranging more than ;100 million years in age all belong to a single natural species is questionable.
Although the cuticular features of the ginkgo leaves from Almont generally resemble some of the leaf specimens re- ferred to G. adiantoides, such as those described from the Tertiary of Europe by Tralau (1968) and Denk and Velitzelos (2002) , no reproductive organs have been found with such leaf fossils. It is unreasonable, therefore, at least in the present state, to ascribe the North Dakota ovulate organs to an inadequately circumscribed species on the basis of foliage imprints. We proposed to name the ovulate organs as a new species, G. cranei (fig. 6 ). Table 1 Comparisons between Ovulate Organs of Selected Fossil and Living Ginkgo Species . . . 
Evolution of Genus Ginkgo
Extant G. biloba has been long hypothesized to have evolved from its ancestors by reduction (Coulter and Chamberlain 1917; Seward 1919; Florin 1949 ), but it is not until recent decades that the evolutionary history of the genus Ginkgo became clearer, because well-preserved fossil reproductive organs are rare. Recent discoveries provide conclusive evidence for the reduction of pollen organs, ovulate organs, and leaves in the geological ages through heterochrony (peramorphosis) from the Jurassic to the Paleogene (Zhou 1994 (Zhou , 1997 (Zhou , 2003 (Zhou , 2009 Rothwell and Holt 1997; Liu et al. 2006) .
Although informative ovulate organ fossils have not been found so far from the Upper Cretaceous, Ginkgo ovulate organs recorded from the Middle Jurassic and Lower Cretaceous (Zhou and Zhang 1989; Deng et al. 2004; Zheng and Zhou 2004; Yang et al. 2008 ) and especially those from the Paleocene described in this study well corroborate this hypothesis.
The evolution trends of ovulate organs include the reduction in number and increase in size of ovules and the shortening and then disappearance of pedicels. The Jurassic species G. yimaensis and G. ginkgoidea bear ancestral (yimaensis-) type ovulate organs with 2-3 or 4 pedicellate ovules and 2-4 mature. Ovulate organs of the Paleocene G. cranei and the extant G. biloba are of the modern type, normally with only 2 sessile ovules and one maturing (table 1; fig. 6 ). The Early Cretaceous species G. apodes bears up to 6 ovules, with only 1-3 of them matured, and they are without pedicels (table 1) .
The ovules of ginkgos increase in size from 10-15 mm 3 8-12 mm and 9-12 mm 3 8-12 mm in the Jurassic species to 10-19 mm 3 12-17 mm in the Paleocene species and then to ;30 mm 3 20 mm in the extant species (table 1). In the Early Cretaceous, both types of Ginkgo ovulate organs coexisted (table 1) .
It is of interest that some changes in microscopic features have also occurred in ovulate organs of different geological ages. From the Middle Jurassic to the Cenozoic, the outer cuticles of the integument appear thickened from 5-9 mm to more than 12 mm; meanwhile, epidermal cells decreased in size (table 1) . We currently do not know whether these microscopic changes are consistent with macromorphological evolutionary trends, but an integument with a thicker outer cuticle and smaller cells may be beneficial to the survival of Ginkgo in unfavorable environments, when the ovules decrease in number but increase in size through geological time.
The leaves, despite being less informative, also exhibit changes in gross morphology. The deeply divided leaf is the dominant type in the Jurassic groups (e.g., Harris et al. 1974; Zhou and Zhang 1989; Yang et al. 2008 ), but in the Lower Cretaceous both deep-and shallow-divided ones existed (e.g., Deng et al. 2004; Zheng and Zhou 2004) . However, leaf remains with nearly entire margins and a median notch are fairly common in the Upper Cretaceous, accompanied by shallow-divided type leaves (e.g., Rothwell and Holt 1997) . In the Tertiary, the notched and entire-margin leaves are the predominant type (e.g., Manum 1966; Tralau 1968; Horiuchi and Kimura 1986; Uemura 1997; Mustoe 2002; Greenwood et al. 2005) . Such evolutionary trends among leaves roughly correspond to the developmental sequences in G. biloba, since similar deeply divided leaves are borne on saplings, long shoots, or young trees.
Conclusions
Although the Jurassic and Cretaceous ginkgo fossils are highly informative for studying the evolutionary history of the genus Ginkgo, Ginkgo cranei sp. nov. is the only Tertiary species known so far with both well-preserved ovulate organs and associated leaves. Study of the North Dakota Paleocene ovulate organs of the modern type and associated leaves with entire margins sheds new light on the evolution of Ginkgo in the Tertiary by linking the Jurassic and Cretaceous species with the extant Ginkgo biloba. It also provides further corroborating evidence for the reduction hypothesis of ginkgo ovulate structures and is helpful to classify and understand Tertiary ginkgo species toward a natural classification.
